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If you believe that this document breaches copyright please contact rucforsk@ruc.dk providing details, and we will remove access to the work immediately and investigate your claim. Microalgae are important live feeds for early life stages of many marine aquaculture species ranging 29 from zooplankton to fish (e.g. Støttrup, 2003 ; Muller-Feuga et al., 2003) . Microalgae are attractive 30 feed organisms because of their size, rapid growth rate, potential for mass-cultivation, digestibility, 31 and particularly their high nutritional value (Brown, 2002) . The nutritional quality of microalgae is 32 indicated by the abundance of highly unsaturated fatty acids (HUFA), particularly eicosapentaenoic 33 acid (EPA), 20:5n-3 and decosahexaenoic acid (DHA), 22:6n-3 (Renaud et al., 1991) and the 34 composition of amino acids (AAs) (Brown, 1991; Guisande et al., 2000) . For example, HUFA are 35 essential fatty acids for various aquaculture animals (Nichols, 2003) , also sustaining growth and 36 reproduction of copepods (Rasdi & Qin, 2016) . 37 In aquaculture, microalgae are grown either in simple cultivation systems, such as open ponds, 38 raceways or aerated open carboys using natural sun light or in more complex closed systems such as 39 closed cylindrical tanks, vertical aerated column photobioreactors (PBRs) or tubular flat-plate PBRs 40 (reviewed in Zmora & Richmond, 2004; Ugwu et al., 2008; Carvalho et al., 2006) . The closed 41 PBRs offer controllable culturing conditions such as temperature, light, pH, carbon dioxide (CO2), 42 but they require a high initial investment cost (Singh & Sharma, 2012; Ugwu et al., 2008) . 43 The present study aimed to test the culturing capacity of a pilot-scale double bubble-column PBR (2 44 × 47 L) for cultivation of R. salina as food for intensive copepod production. Eriksen et al. (1998) 45 succeeded in using a small-scale column PBR (1.7 L) to cultivate Rhodomonas sp. with a cell 46 density reaching 10 7 cells mL -1 for up to 415 days continuously with a dilution rate of 0.6 day -1 . For 47 large-scale cultivation of microalgae in the aquaculture industry, the production in experimental 48 small-scale PBRs must be up-scaled and the efficiency maintained. Major challenges when 49 upscaling microalgal production include increasing the total volume of the PBR, while at the same 50 7 in the PBR was brought into the continuous phase, where steady state conditions were obtained by 115 adding UV-treated seawater by two pumps (ProMinent DULCOflex) at bottom of each of the two 116 PBRs (Fig. 1) to dilute the algal density. The B1 medium was added at a rate of 1.2-4 mL L -1 of 117 newly added seawater.
118
The light was set at the low intensity for the first 2 days when the algae density was low to avoid 119 photo-inhibition. When the algae density had increased after day 3, the light was changed to the 120 highest intensity to minimize a potential light limitation.
121
The main atmospheric airflow was set at ca. 4 L min -1 at the first 2-3 days of the experiment when 122 the algal cell density was low and increased to 5-6 L min. -1 when the algal cell density was high 123 from day 2-3 onward. The mixture of pure CO2 (V/V = 2-5% of CO2 in mixture) and atmospheric 124 air (V= 2-2.5 L) was added to supply CO2 and to control the pH at 8.1 ± 0.1. The cell density and total volume of the harvested algae in each harvest tank (collected from the 134 culture columns) were also measured daily. The cell density of R. salina was converted into carbon 135 weight by assuming that one algal cell equals 47.4 pg C (Berggreen et al., 1988) . Calculated capacity of the photobioreactor to produce algal biomass for copepod cultures 159 The daily production of R. salina served as food for the calanoid copepod Acartia tonsa culture at 160 Roskilde University, Denmark. The estimated production rate of the PBR for both culture columns 161 (P, g C day -1 ) was calculated as equation (Eq. 1):
In which The algae requirement (in carbon weight) for 1 L of copepods per day (CA, g C L -1 day -1 ) was 170 calculated as equation (Eq. 2)
In which 173 CA: algae requirement (carbon units) for 1 L of copepods.
174
DC: density of copepods (ind L -1 ), we used a density of 2,500 adult copepods·L -1 which is reported The volume of copepod culture that can be sustained by feeding on the current algae production 184 (VC, L) was estimated as equation (Eq. 3):
The egg production of A. tonsa was estimated assuming that 1/3 of carbon ingested by female of fit test) before being analyzed by ANOVA. All tests on data were carried out using SYSTAT v.
198 13 with α = 0.05. ANOVA was performed on data from the initial phase and the continuous phase 199 separately, and as the ANOVA showed no significant differences in data within each phase (p > 200 0.05), data on content of the various fatty acids and amino acids were pooled within each phase.
201
Subsequently, differences between content in the two phases were tested for each compound by 202 one-way ANOVA, using SYSTAT v. 13 with α = 0.05.
203

Results
204
Growth of R. salina in the photobioreactor 205 In the initial phase (day 1 to 5), the specific growth rate of R. salina was 0.81 ± 0.07 day -1 (mean ± 206 SE). The average cell density increased from Day 0 and peaked at 4.17 ± 1.43 ×10 6 cells mL -1 207 (mean ± SE) at Day 5 ( Fig. 2) . From Day 6, the cell density remained relative stable at 2.40 ± 0.13 208 ×10 6 cells mL -1 (mean ± SE). The dilution rate varied over time with an average of 0.46 day -1 209 throughout the experiment (Fig. 2) . The average production rate for one 47 L PBR column was 210 determined to 44.60 ± 5.25 ×10 9 cells day -1 (mean ± SE), equivalent to 2.11 ± 0.25 g C day -1 .
211
Fatty acids 212 Data from each growth phase showed a similar content of fatty acids within the initial and (mean ± SE) of TFA in the continuous phase (Table 1) .
227
The fatty acids of R. salina were dominated by short chain polyunsaturated fatty acids (SC-PUFA).
228
These fatty acids evinced a statistically significant lower content (one-way ANOVA, p < 0.01) in 229 the initial phase (51.99 ± 1.81 % of TFA, mean ± SE) than in the continuous phase (57.62 ± 1.72 % 230 of TFA, mean ± SE, Fig. 3B , Table 1 ). In contrast, the relative abundance of the monounsaturated 231 fatty acids (MUFA) was significantly lower in the continuous phase (one-way ANOVA, p < 0.01) 232 (6.49 ± 0.54 % of TFA), as compared to the initial phase (11.37 ± 1.97 % of TFA, Fig. 3B , Table   233 1). The relative abundance of highly saturated fatty acids (HUFA) and the saturated fatty acids 234 (SFA) were not significantly different in the two growth phases (one-way ANOVA, p > 0.05, Fig.   235 3B, Table 1 ). Free amino acids 238 As was the case for the fatty acids, data from each growth phase showed a similar content of FAA 239 within the initial and continuous phase respectively (one-way ANOVA, p > 0.05). The FAA data 240 were thus also pooled within each phase for further analysis. The total free amino acid (TFAA) 241 content was relative stable at 3 pg cell -1 , regardless the growth phase (one-way ANOVA, p > 0.05, 242 Fig. 4A , Table 2 ). The essential amino acids made up around 1 pg cell -1 , corresponding to ca. 35%
243
of TFAA, irrespective of the growth phase (one-way ANOVA, p > 0.05, Fig. 4A , Table 2 ). No 244 significant differences in the relative abundance of the various EAA were observed between 245 different growth phases either (one-way ANOVA, p > 0.05, Fig. 4B , Table 2 ). The most abundant
246
EAA was arginine (ca. 18% of TFAA), followed by lysine (ca. 4% of TFAA, Fig. 4B ).
247
Capacity of the photobioreactor to produce algal biomass for a copepod culture 248 Our estimation shows that the current production of the two column PBR can be 92.74 ×10 9 cells 249 day -1 which can sustain ca. 500 L of copepod A. tonsa culture at the density of 2500 ind. L -1 (Table   250 3). The estimated number of eggs produced from such A. tonsa cultures were 17.11 ×10 6 eggs day -1 251 (Table 3) . ratio of 2 was not reached. However, although both historical data and our data show that the 297 DHA/EPA ratio in the cultured algae is below the optimum ratio, the DHA/EPA ratio will be closer 298 to 2 by trophic upgrade when Rhodomonas is fed copepods that again are fed to the fish larvae. PUFA and HUFA ((Vu et al., 2016) ). PUFA are also well known to be crucial for the production 304 16 and hatching success of copepod eggs (Arendt et al., 2005; Broglio et al., 2003; Jónasdóttir et al., 305 2009).
306
The increase in cell-specific content of FA in the continuous phase was not observed in TFAA that 307 remained unchanged during the entire study period. This uncoupling between FA and FAA was also 308 observed in another marine alga in which precursors for FA increased, while most of the FAA balanced with proteolytic activity throughout the study.
313
The FAA content in zooplankton is reported to be closely dependent on content and composition in Based on our estimation, the current daily production of R. salina in our two PBRs, about 4.40 g C 322 day -1 , can sustain an intensive copepod production tank at a volume of ca. 500 L at an optimum 323 density of ca. 2,500 adult copepods L -1 , as proposed in Drillet et al. (2015) . This copepod 324 production can deliver a daily egg production of ca. 17.11×10 6 eggs per culture tank. Therefore, to 325 be able to feed the copepods optimally, the required volume of algal culture at the cell density 326 achieved in this study is ca. 20% of the copepod culture. It should be noted that the estimation of 327 algae feeding to the copepods was based on the grazing rate of adult copepods. For younger life 328 stages, e.g., nauplii and copepodite stages, the demand for algae is substantially smaller. 
461
Data presented by means ± SE. Different letters represent significant differences of a specific fatty 462 acid or main group of fatty acids at p = 0.05 between the two growth phases. groups at different growth phases (with n = 18 replicates for initial phase and n = 14 replicates for 482 the continuous phase). Different letters in the same row denote the significant differences (Tukey 483 test) in the TFA, or the same specific FA or FA groups between the different growth phases. Actual filled volume of the two culture columns, VA (L) 84.0
Density of the produced algae (DA, 10 9 cells L -1 ) 2.40
Algae production (P, 10 9 cells day -1 ) 92.74
Algae production (P, g C day -1 ) 4.40
The algae requirement for 1 L of copepods (2500 ind L -1 ) per day (CA, g C L -1 day -1 ) 0.0089
The volume of copepod culture that can be sustained by feeding on the current algae production (VC, L) 495
Specific egg production (SEP, egg female -1 ·day -1 ) 30.70
Potential number of eggs produced with the current algal production (EP, ×10 6 eggs day -1 ) 17.11 
